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A RUNOFF-SEDIMENT YIELD MODEL FOR SEMIARID REGIONS

By J.J. Stone and L.J. Lane, hydrologists, E.D. Shirley, mathematician, and
K.G. Renard, hydraulic engineer, USDA-ARS Southwest Rangeland Watershed
Research Center, 2000 E. Allen Rd., Tucson, AZ 85719.

ABSTRACT

Watershed or basin-scale models are distributed to account for spatial varia
tions in rainfall, soils, vegetation, and land use, and to accurately repre
sent complex channel networks. A distributed model, ARDBSN (Arid Basin),
based on simplified equations approximating infiltration, runoff, erosion,
and sediment transport is described. The development and structure of the
model is briefly reviewed. Three extensive analyses are described and inter
preted: (1) sensitivity analysis for the major model parameters, (2) model
validation, and (3) example applications. Theoretical shortcomings are used
to illustrate the need for research on specific processes and model compo
nents. Strengths of the present model are used to show the necessity of
including hydrologic simulation in the development of scientifically defen
sible range management research. A final manuscript sect ion.describes the
need for development of expert systems for "front end" or parameter estima
tion/input file development in support of complex simulation models, and the
need for output interpretation to summarize detailed simulation results.

INTRODUCTION

Land use planners and engineers in semiarid regions are commonly faced with
evaluating the impacts of a project on water yield and quality or designing a
hydraulic structure on watersheds where insufficient data are available.
Empirical methods, such as the Soil Conservation Service (SCS) runoff and
peak flow equations (SCS, 1972), and Universal Soil Loss Equation (USLE)
(Wischmeier and Smith, 1978) are relatively simple to use, but sacrifice ac
curacy for simplicity when applied to nonhomogenous or large drainage areas.
Computer simulation models, such as CREAMS (Knisel, 1980), incorporate some
of the above methods with more sophisticated procedures (e.g., daily soil
water accounting) to estimate the impact of agricultural management systems
on water, sediment, and plant yields. Extending the concepts developed for
these models for application on semiarid uncultivated basin-scale drainage
areas requires that the special features of these watersheds be taken into
account. Spatial variablity of rainfall and watershed physical characteris
tics, such as soil types and vegetation density, influence the upland proces
ses of infiltration, runoff, erosion and plant productivity. As drainage
area increases, the channel network characteristics become more important in
affecting runoff rates and amounts as well as sediment yield. Streamflow
will vary in the downstream direction as a result of channel geometry, deliv
ery of water and sediment to the channel network, infiltration into the chan
nel alluvium, and erosion, transport, and deposition in the channel.

In addition to approximating the upland and channel processes, a model should
be able to reflect changes in watershed response due to land use changes, be
applicable to ungaged areas, and be cost effective, both in data requirements
and computer time. SPUR (Simulation of Production and Utilization of Range-
land) (Wight, 1983) is a comprehensive rangeland model, under development by
the USDA Agricultural Research Service and cooperating universities, which
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attempts to approximate the above processes. SPUR is composed of seven major
components, including climate, hydrology, plant, livestock, wildlife, insect,
and economics. This paper discusses a simplified version of the SPUR hydro
logy compQnent which will be referred to hereafter as the ARDBSN (short for
Arid Basin) model.

The objectives of this paper are to: (1) present and document a distributed
runoff/sediment yield model; (2) discuss an analysis of simulation and proto
type data agreement from experimental watersheds in southeastern Arizona; (3)
demonstrate strengths and weaknesses of the model in relation to potential
applications and simplifying assumptions made in the model structure; and (4)
offer suggestions for future research and study.

MODEL DESCRIPTION AND DEVELOPMENT

ARDBSN is a quasi physically based, distributed runoff and sediment yield
model based on a continuous simulation of a daily time step water balance,
the SCS runoff and transmission loss equations, Modified Universal Soil Loss
Equation (MUSLE), and modified DuBoys-Bagnold sediment transport equations.

ARDBSN contains an upland or field component, and a channel component. The
field component maintains the daily water balance and calculates surface run
off, field erosion and sediment yield. The channel component assumes surface
runoff delivered from the fields is input to the channel network, and routes
the water from the watershed upper reaches to the outlet. Flow volume reduc
tions and peak discharge attenuation resulting from losses in alluvial stream
beds are accounted for by the model. Sediment discharge is calculated as a
function of the channel's sediment transport capacity.

The model is distributed in that a watershed can be subdivided into as many
as 27 subbasins consisting of upland (no well defined channels) and lateral
or interchannel basins. The channel network can be represented by one to nine
channel segments; the 1st order channel segment receives input from one or
more upland and two lateral subbasins, while higher order segments receive
input from one or two lower order channel segments and lateral subbasins
(Fig. 1).

Model input variables include daily rainfall totals, mean monthly temperature
and solar radiation, and seasonal leaf area index. Model parameters can be
estimated from field data, topographic maps and readily available handbooks
so that it is possible to apply the model to ungaged watersheds.

Field Component: The field component of ARDBSN maintains a daily water bal
ance and calculates sediment yield for each of the user chosen subbasins on
the watershed. Most of the field component calculations are from the model
SWRRB (Williams et al., 1985). Surface runoff is calculated using the SCS
Curve Number equation,

Q = (P - .2S)2/(P + .8S) (1)

where Q is surface runoff (in), P is storm rainfall (in), and S is a reten
tion parameter (in). The influence of soil moisture on infiltration rate is
approximated by updating the retention parameter, S, as a weighted average
unused storage in the soil from 0 to the maximum retention parameter, Smax,
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which is calculated by,

S^ = 1000/CNI - 10 (2)

where CNI is the dry antecedent moisture condition Curve Number*

Field erosion and sediment yield, E, is calculated with MUSLE (Williams,
1977) using the equation,

E = 95.14(Q*Qp) KLSCP (3)

where Q(ac-ft) and Qp(cfs) are the runoff volume and peak rate respectively,
and K, LS, C, and P are the factors in the USLE equation (Wischmeier and
Smith, 1978).

Both the Curve Number and MUSLE factors are simplifications of the upland
runoff and erosion and sediment yield processes. Because the Curve Number is
a storm total rainfall-runoff relationship, it does not account for variabli-
ty in rainfall intensity which, in semiarid regions, can be a dominant factor
in the runoff amount produced (Osborn and Lane, 1969). MUSLE does not simu
late the rill and interrill detatchment and deposition rates as individual
processes but in a lumped manner incorporated in the runoff variables and
USLE parameters. However, in spite of these drawbacks, both methods have the
advantages of being extensively tested and documented (albeit less so for
semiarid rangelands), and parameter values are easily estimated from physical
watershed characteristics.

Channel Component: The channel component computes runoff rates and volume,
sediment transport and yield, and flood flow reductions caused by channel
abstraction (transmission losses). Many semiarid watersheds have broad allu
vial channels which can abstract large quantities of streamflow. These ab
stractions, or transmission losses, are important not only because the runoff
volume is reduced and flow peak is attenuated as the flood wave travels down
stream, but also because they can be an important source of groundwater re
charge. The transmission loss calculations used in ARDBSN were developed by
Lane et al. (1983), and represent a compromise between simple loss-rate equa
tions (SCS, 1972) and complex kinematic wave models incorporating an infil
tration function.

Transmission loss equations developed by Lane use an ordinary differential
equation to approximate rate of runoff volume change with distance. Trans
mission loss amount is a non-linear function of channel length and average
width, upstream and lateral inflow, and mean duration and volume runoff. The
transmission loss model parameterization was based on analyses of 139 events
from 14 channel reaches in Arizona., Texas and Nebraska.

Ephemeral streamflow in semiarid regions usually results from individual
thunderstorm rainfall events and the hydrograph is characterized by a rapid
rise, a sharp peak, and a slower recession. A double triangle hydrograph
approximation, applied to semiarid watersheds by Diskin and Lane (1976), can
be estimated if the peak discharge, time to peak, runoff volume and flow
duration are known. The peak discharge equation was derived from the SCS
method (SCS, 1972), and is calculated as
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Qp = C5 V/D (4)

where V is runoff volume (in), D is runoff duration (hir) , and C5 is a parame
ter expressing hydrograph shape. Mean runoff volume (V) and flow duration (D)
were related to drainage area using data from semiarid watersheds by Murphey
et al. (1977), and are calculated from the equations

D = CI A^ (5)

Y = C3 AC4 (6)

where A is area (mi2) and C1-C4 are parameters estimated as a function of the
watershed Curve Number, channel slope and watershed length to width ratio.

Sediment transport is assumed equal to sediment transport capacity and is
calculated as a function of flow hydraulics and particle size distribution of
the channel sediment. Sediment particles larger than 0.062 mm are assumed to
travel as bed load. A modification of the DuBoys-Straub formula is used to
calculate bed load transport capacity as

gsb(di) = a f£ Bs(di) x [t - Tc(di)] (7)

where gsb(di) is the transport capacity (lb/s-ft) per unit width for par
ticles of size d£ (mm), a is a weighting factor, f£ and d£ are the proportion
and diameter (mm) of particles in size class i, Bs(d£) is the sediment trans
port coefficient (ft3/lb-s) and x and xc are the effective and critical shear
stress (lb/ft2), respectively. Lane (1982) derived estimates for Bs(d£), t,
and Tc(d£) based on d50, or median particle size, and calibrated the model
with data from the Niobrara River in Nebraska. The largest particle size in
the calibration was 2.0 mm and the largest d$Q was 1.0 mm.

The suspended load transport equation is a modified Bagnold (1956) equation
based on stream power in the form

gsus = fsc CAS x V2 (8)
where gsus is the suspended transport capacity (lb/s-ft), CAS is the suspend
ed transport coefficient (s/ft), fsc is the proportion of particles smaller
than 0.062 mm in the channel bed, and V is the average velocity (ft/s).

The hydraulic variables needed to solve equations 7 and 8 are estimated at 9
time intervals by a piecewise normal flow approximation of the double triang
le hydrograph (Lane, 1982). The piecewise normal approximation allows for
the discharge rate to vary in time as runoff moves down the channel segment,
transmission loss equations account for runoff changes in the downstream di
rection, and variations in channel geometry and particle size allow for depo
sition or scour along channel reaches.

In summary, the upland runoff and erosion processes are approximated by the
SCS curve number relationship and MUSLE. Stream flow is routed based on sur
face runoff delivery to the channel system. Runoff volume and flow rate
are reduced by transmission losses which are functions of basin characteris
tic mean runoff volume and duration, and channel characteristics. Sediment
transport is assumed to equal transport capacity and calculated as a function
of hydrograph characteristics, hydraulic geometry, and channel particle size.
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The hydrograph approximates spatially varied unsteady flow and allows the
model to account for variability of channel geometry, transmission losses,
and lateral inflow and their influence on water and sediment yield.

Applications: ARDBSN is intended to be applied to watersheds from about .01
to 10 mi having alluvial channel systems which contain non-cohesive sedi
ments. Stream flow should be ephemeral and occur as a result of individual
storm events. The model should not be applied to watersheds where base flow
or snowmelt dominate the streamflow. Because average events were used to
derive the water and sediment yield equations, simulated individual events
may be in error, especially for events associated with abnormally high or low
intensity storms or unusual antecedent moisture conditions. Typical applica
tions of ARDBSN include simulating flood frequency, predicting water and
sediment yields from semiarid watersheds, and deriving sediment delivery
ratios and sediment rating curves. An important model application is evalua
ting the influence of land use and conservation measures upon water and sedi
ment yield. The model field component contains parameters, such as the Curve
Number and MUSLE factors, which are affected by land use changes. Given
changes in these parameters, the model can be used to estimate the channel
network response to these changes.

ANALYSIS

The hydrology component has been previously verified with data from 3 small
watersheds, ranging from 3.2 - 108 acres, on the Walnut Gulch Experimental
Watershed at Tombstone, AZ (Wight, 1983). The model was found to explain
88 - 94% of the variance of observed annual runoff and sediment yield, but
tended to overpredict runoff and basin sediment yield during those years in
which winter rainfall was greater than normal, indicating that the model
will not provide realistic results for meteorologic conditions differing from
those used in the development of the runoff and peak flow calculations. How
ever, the model did reproduce the phenomena of decreasing water yield and
discharge rate per unit area with increasing drainage area observed in semi-
arid regions.

Sensitivity Analysis: Those parameters which are important in the water and
sediment yield and peak flow calculations were varied from the specified or
optimal values to test the model's response to parameter changes and to eval
uate the sensitivity in model output due to errors in estimating parameter
values. Table 1 is a list of the parameters used in the analysis and their
relative significance on the various types of model output for a 108-acre
watershed. The Curve Number is the most sensitive parameter, significantly
affecting all the outputs. Sediment yield is the most sensitive output,
affected by Curve Number, Manning's n, the suspended transport capacity coef
ficient, channel slope and sediment particle size distribution. Manning's n
does not affect peak flow or runoff because of the approximations used in
developing the equations used to calculate transmission losses. The CI and
C5 parameters affect peak flow and, because peak flow is used in MUSLE, sedi
ment yield from the fields. Transmission losses are sensitive to changes in
channel hydraulic conductivity, but because the amount of losses relative to
the amount, of runoff is small, runoff is not as sensitive to this parameter.
The result of the sensitivity analysis is that care must be taken to subdi
vide the watershed into homogeneous subbasins as dictated by data availabili
ty and application of the model. Errors in estimating the subbasin Curve
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Number can cause significant errors in the model output. Channel geometry
and particle size significantly affect simulated sediment yield so that the
number of channel segments defined by the user should depend on the variabil
ity of channel geometry and sediment characteristics along the channel reach.

Table 1. Summary of sensitivity analysis parameters and relative
significance to model output.

Parameter Runoff
Transmission Peak Field Sediment

losses discharge erosion yield

Curve Number A1 A A A A

CI C C B B C

C3 C C D D C

C5 D D B B C

CAS D D D D B

Channel Characteristics
Width C C C D C

Length C C C D C

Slope D D D D A

d50 D D D D A

Manning's n D D D D *
n.

Hydraulic Conductivity C A C D c

Explanation of Symbols: A = output change greater than parameter change; B
= output change in between 1/2 and equal to parameter change; C = output
change less than 1/2 parameter change; D - no change in output.

— MAIN CHANNEL

— TRIBUTARY CHANNEL

0 RAINGAGC

1 FLVUC

WATERSHED 76.004

U UPLANO SU88ASIN

L LATERAL SUBBASIN

C CHANNEL SEGMENT

VALIDATION WATERSHED CONFIGURATION

Fig. 1. Santa Rita Watershed 76.004
near Tucson, AZ and equiva
lent watershed configura
tion validation simulation.

Validation: Santa Rita Experimental
Range watersheds, 76.004 (4.9 acres)
and 76.003 (6.8 acres), were chosen
to validate the model and test the

transferability of parameter estima
tion techniques to ungaged water
sheds. The hydrologic regime of the
Santa Rita watersheds is similar to

that of Walnut Gulch in that runoff

occurs as a result of intense summer

thunderstorms. Both watersheds have

a gently sloping upland area with up
to 30% desert brush and grass cover
and an active channel area covering
the lower 1/2 of the watershed. Both
watersheds were divided into one up
land, two lateral subbasins and one
channel segment for the simulation
runs. Fig. 1 shows watershed 76.004
and the simulation configuration.
Parameters were estimated using
field data, topographic maps, and
procedures outlined in the SPUR
User's Manual.

Fig. 2 is a comparison of observed
and simulated annual values of run

off volume, maximum peak discharge,
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Observed and simulated annual run

off volume, maximum peak discharge,
and sediment yield for the period
of simulation, validation, Water
shed 76.004.
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shed 76.004 (watershed 76.003

showed the same trends). Con-
sidering that parameters were
not optimized, .the simulated
annual values are in good
agreement with the observed
data, with the exception of
peak discharge. Notice that in
1978, the simulated peak is al
most 2.5 times greater than the
observed peak. The simulated
peak is a result of a 23 hour,
2.2 inch storm which occurred

in December. Overestimation of

runoff and peak flow results
from the use of the single pa
rameter SCS Curve Number model

and the peak/volume relation
ship (eq. 4), which was devel
oped from analysis of short
duration thunderstorm events.

Thus, large volume, but low
intensity, storms which occur
in winter will be misinterpre
ted by the model. However, if
used as a first approximation,
the model can reproduce annual

series of runoff and sediment

yield. In addition, the para
meter estimation techniques de
veloped from Walnut Gulch data
appear to be transferable to
areas with similar hydrologic
regimes.

Example Applications: Two ex
amples are presented demonstra

ting use of the model (1) to
develop an annual series for

peak discharge and water and sediment yield and (2) to evaluate a
range management plan.

For the first example, simulated annual peak discharge, runoff volume, and
sediment yield were ranked, plotted on log normal probability paper, and the
2, 10, and 100 year return period events were estimated. Fig. 3 is a plot of
watershed drainage area and the 2, 10, and 100 year frequency maximum annual
peak discharge. The solid lines are least squares regression fits to obser
ved data from 8 watersheds in southeast Arizona (Lane, 1985). The circles
are simulated peak flows for the 2, 10, and 100 year return periods for 3
watersheds on the Walnut Gulch Experimental Watershed and 2 watersheds on the
Santa Rita. Experimental Range. Notice that the points agree with the data
based relationship and follow the trend of decreasing peak discharge with
increasing area for the return periods.
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In the second example, three
rangeland conditions were
simulated by varying the
Curve Number and the C fac
tor of MUSLE. These some
what representative range
conditions are: sparse vege
tation or desert brush, poor
condition grass cover, and
fair condition grass cover.
Table 2 is a summary of the
mean annual results of a
17 year simulation for the
three rangeland conditions
for watershed 63.103 on the
Walnut Gulch Experimental
Watershed; the last row is
the magnitude of the output
change resulting from chan
ging from sparse vegetation
to fair grass. Notice that
as the watershed condition
is improved, the magnitude
of change is between 2 and

l'Ll\ T ylJ ' rUn°ff 3nd peak flow rate> but that f^ld sedimentyield changes by a factor of 19. The last column in Table 2 is the percent
age of the basin sediment yield contributed by the channel. As field sediment
yield decreases, the relative amount that the channel contributes to the to
tal yield increases by a factor of almost 2. There are two important impli
cations of Table 2. One, the results suggest that the channel becomes more

Table 2. Simulated average annual runoff, erosion, sediment yield, and
maximum peak discharge for three range conditions for 63.103.

Range conditions Runoff ,Maxim™ seLw
yield

(t/a) (t/a)
Sparse vegetation (SV)
Poor grass (PG)
Fair grass (FG)
Ratio of SV to FG

(in)
1.27

.67

.40

3.2

Maximum

discharge

(cfs)
13.7

9.2

6.6

2.0

1.33

.30

.07

19.0

Sediment

yield

2.34

1.19

.69

3.4

Channel

contribution

(%)
43

75

90

.5

dominant in sediment production as the amount of field sediment delivered to
the channel network decreases. It is important to point out that, while a
natural channel will adjust its geometry in response to changes in water and
sediment delivery to the channel system, ARDBSN assumes constant channel ge
ometry and sediment particle-size distribution for a given simulation period.
Therefore, some caution must be used in interpreting sediment yield results
particularly results of long simulations. Two, a significant decrease in
field erosion and sediment delivery to the channels may not immediately bring
about a correspondingly significant decrease in sediment yield (in this case,
a 19 fold versus 3 fold reduction). These results indicate that a program to
monitor the effects of a watershed treatment should consider both the upland
and channel processes. Evaluating upland improvement treatments by measuring
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water and sediment yield at the watershed outlet could result in an incorrect
decision on the effects of a particular treatment.

EXPERT SYSTEMS

As hydrologic models grow more complex and incorporate a wide spectrum of the
processes active within the hydrologic cycle, it becomes difficult for a user
to have the necessary expertise to both estimate input parameters and inter
pret model output. For example, to evaluate the parameters for all of the
components of SPUR requires expertise or knowledge of hydrology, engineering,
range management, plant physiology, animal science, and economics. It is
incumbent upon the model developer to facilitate use of the model by action
agencies if a model is to be more than a research tool. The use of expert
systems or knowledge engineering could significantly aid in this process.

An expert system is defined by Bramer (1982) as "• • • a computing system
which embodies organized knowledge concerning some specific area of human ex
pertise, sufficient to perform as a skillful and cost effective consultant."
Potential applications of expert systems in hydrologic modeling could include
(1) determining if the model chosen is appropriate to the given problem, (2)
selecting the parameters for model input, (3) summarizing and interpreting
model output, and 4) suggesting management alternatives. The first category
above would determine from an interactive dialogue with the user or an analy
sis of input data if the model is applicable to the user supplied conditions,
the type of data available, and user needs. The second category would accept
input parameters from the user, check their accuracy, given both the water
shed physical description and other parameters, and estimate parameter values
which the user is unable to evaluate. This is an important category because,
as models become more complex, errors in input or parameter estimation become
more probable, particulary by users not familiar with a model's stucture.
The last two categories are interdependent; interpretation of results will
lead to simulating alternative management plans. Given a set of conditions
and needs, the results can be interpreted in various ways; the system would
decide, based on the user's needs, which type of summary will be presented,
and interpret that summary. The fourth category would use the initial water
shed condition and the results of the interpretation to suggest management
schemes. By simulating the alternative plans, and giving the user both a
choice of scenarios and the implications of each on the user's needs, the
system could act as a cost effective consultant.

DISCUSSION AND CONCLUSIONS

The structure of ARDBSN includes simplifications and lumping of parameters
in both the field component (Curve Number, MUSLE) and the channel component
(average channel geometry, sediment transport equations) which simplify oper
ation of the model, but potentially decrease its accuracy. As shown in the
analysis, the model poorly represents extreme events or events caused by low
intensity but high depth rainfall. However, considering that parameters were
not optimized, the simulated annual series for runoff, peak discharge, and
sediment yield are in good agreement with observed data. Parameter estima
tion techniques appear to be transferable to hydrologically similar areas,
but more testing should be done on watersheds composed of a wider range of
soil types and vegetation. The model duplicates the phenomena of decrea
sing yields with increasing areas, suggesting that the processes causing the
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decrease are being approximated by the model structure. The model results
also suggest that as drainage area increases, channel processes become more
dominant in determining water and sediment yields, consistent with observa
tions in the field. As a management tool, it indicates that significant
changes on the watershed to reduce erosion might have little immediate effect
on the channel system. Finally, it underscores the idea that to model semi-
arid watersheds accurately, the channel processes controlling water and sedi
ment yields must be represented in a manner- which allows for spatial varia
bility.
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